Testosterone regulates substance P within neurons of the medial nucleus of the amygdala, the bed nucleus of the stria terminalis and the medial preoptic area of the male golden hamster The medial nucleus of the amygdala, bed nucleus of the stria terminalis, and medial preoptic area appear to mediate steroidal regulation of mating behavior in male rodents. The mechanism of action has not been determined. One way testosterone could enhance neuronal function is by increasing ncurotransmitter levels, thus altering neuronal transmission. To assess this hypothesis, we examined the effect of castration and testosterone tt atmcnt on substance P levels in the neurons of these three brain regions. Brains from male Syrian hamsters that were (!) gonadally intact, (2) castrated for 13 weeks, or (3) castrated for 9 weeks and treated with testosterone fo,' 4 weeks, were processed for substance P, and the numbers of substance P immunoreactive neurons in the medial nucleus of the amygdala, bed nucleus of the stria terminalis, and medial preoptic area were determined. Castration reduced the number of substance P neurons in the bed nucleus of the stria terminalis and medial preoptic area relative to those in intact hamsters; the number of substance P neurons in these regkms was restored by testosterone treatment, Castration did not reduce the number of substance P neurons in the medial nucleus of the amygdala; however, testosterone treatment increased the numbers of these neurons when compared to intacts. Thus, testosterone regulates substance P levels in areas that regulate mating behavior, As substance P enhances male copulatory b~havior our results suggest tiutt testosterone may regulate copulatory behavior by enhancing substance P levels in medial nucl~:us of the amygdala, bed nucleus of the stria termimdis and medial preoptic area,
INTRODUCTION
Circulating gonadal steroids are essential for the expression of normal copulatory behavior in male mammals. Removal of gonadal steroids via castration induces a gradual, permanent decrease in mating behavior that is prevented or reversed by the administration of testosterone or its metabolites 4. While it is clear that gonadal steroids must act on neuronal systems to regulate behavior 37 the underlying mechanisms by which steroids influence neuronal function are not completely understood.
'Fhrec interconnected areas of the limbic systemthe medial nucleus of the amygdala, the bed nucleus of the stria terminalis and the medial preoptic areahave emerged as possible sites for the mediation of steroidal actions on male reproductive behavior. These areas play a role in the regulation of mating behavior in a number of species "v. However, they play critical roles in the regulation of copulation in the male golden hamster. Males of this species rely almost exclusively on pheromonal cues from the female for the initiation and completion of copulation 2s' 4"~' 44. These cues stimulate chemosensory receptors in the vomeronasal organ and olfactory mucosa that project to the accessory and main olfactory bulbs, respectively 3s. Bilateral bulbectomy immediately and permanently eliminates copulation in male hamsters "~t. Efferents from the main and accessory olfactory bulbs project directly and indirectly to the medial nucleus of the amygdala t2'23.'~s, which in turn projects to tile medial part of the bed nucleus of the stria terminalis and the medial preoptic area 2°.
Lesions of these nuclei and/or the pathways that connect them abolish or severely disrupt male hamster copulatory behavior 23'36.
Three lines of evidence suggest that steroids act on these three areas to regulate copulatory behavior. First, the neurons in the medial nucleus of the amygdala, the bed nucleus of the stria terminalis and the medial preoptic area contain high concentrations of androgen and estrogen receptors 4t. Second, gonadal steroids regulate the activity of the neurons in these areas. Neurons in the medial nucleus of the amygdala that project to the medial preoptic area through the stria terminalis show a gradual decrease in firing rates following castration, with a time course identical to the loss of sexual behavior t~'~. Finally, both testosterone and estrogen are capable of maintaining or restoring mating behavior when implanted into the medial preoptic area, the bed nucleus of the stria terminalis or the medial nucleus of the amygdala of castrated animals given systemic, subthreshold doses of these steroids 3'24.
There is now an increasing body of evidence that steroids may influence mating behavior by stimulating neurotransmitter content of neurons in the amygdala and hypothalamus thereby affecting the ability of these neurons to transmit signals to their targets. Specifically, substance P appears to be such a neurotransmitter or modulator 2z2~ and it appears to play a role in mating behavior t4. Levels of this peptide are regulated by steroids in the amygdala of male rats ~3 and in the medial preoptic area and pituitary of female rats*, suggesting that substance P may also be regulated by steroids in the medial nucleus of the amygdala, the bed nucleus of the stria terminalis and the medial preoptic area of the male hamster as well. The current study examined the response of substance P to changes in steroid levels by comparing the number of substance P immunolabelled perikarya in the medial nucleus of the amygdala, the bed nucleus of the stria terminalis and the medial preoptic area in hamsters that were gonadally intact, castrated or castrated and treated with testosterone.
MATERIALS AND METHODS

Animals and experimental design
Sixteen adult male Syrian hamsters Mesocricetus auratus (13-14 weeks old) were obtained from Harlan-Sprague-Dawley (Madison, Wl) and divided into the following groups: intacts (n = 5), castrates (n = 6) and testosterone-treated castrates (n ffi 5). Animals in the latter two groups were deeply anesthetized with sodium pentobarbital (0.9 mg/100 g b.wt.) and the testes, epididymes and fat pads were bilaterally removed via a mid-scrotal incision. Testosterone-treated castrates received subcutaneous injections of testosterone (500/zg in 0.1 ml sesame oil) every other day for 4 weeks beginning 9 weeks after castration. Hamsters were sacrificed 13 weeks after the start of the experiment.
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Colchicine treatment and tissue preparation
Each hamster (anesthetized as described above) received an injection of colchicine (320/zg/2/~!) in the right lateral ventricle 48 h before perfusion. Colchicine increases the concentration of peptides within neuronal cell bodies, thus aiding in immunocytochemicai visualization of peptide-containing neurons. We have found that 48 h is optimal for immunocytochemical labelling of cell bodies in the hamster. Results from preliminary studies indicate that survival times greater than 48 h decrease the number of immunohistochemically labelled neurons. Prior to perfusion, each hamster was deeply anesthetized with an overdose of sodium pentobarbital, placed on ice and perfused through the heart with 150-200 ml of warm (40°C) phosphate-buffered saline (PBS; 0.1 M, pH 7.4) cGntaining 0.1% sodium nitrite to promote vasodilation. This was followed by 200 ml of ice cold fixative (2% paraformaldehyde and 0.25% benzoquinone (Aldrich Chemicals)), in PBS. Each brain was removed, post-fixed in a light tight container for 10-12 h at 4°C then transferred to 20% phosphate-buffered sucrose with 0.01% sodium azide before being cut into 40-1zm coronal sections on a sliding microtome. Sections were sto/'ed in polyvinyl pyrolidine 4~ at -20°C or phosphate buffer containing 0.01% sodium azide at 4°C until they were immunolabelled for substance P.
lmmunocytochemicai procedure
A series of sections 120 ~m apart was processed from each brain. To control for variations in staining, immunocytochemical procedures were conducted on tissue from castrated, intact and/or testosterone-treated castrated animals simultaneously. Free-floating sections were soaked !n 1% sodium borohydride for 30 min, washed 3 times (5 rain each) in 0.1 M phosphate buffer and incubated in monoclonai antibody directed against substance P (Accurate Scientific). Antiserum to substance P was diluted 1:500 in 0.1 M phosphate buffer containing 0.3% Triton X and 0.001% sodium azide. Forty-eight to 72 h later sections were washed in phosphate buffer, and incubated for 1 h at room temperature in goat anti-rat IgG (Capped diluted 1:50. Sections were washed in phosphate buffer and were incubated in rat peroxidase anti-peroxidase (PAP: Miles Scientific) (1:100) for 1 h at room temperature. The PAP complex was histochemically labelled by immersing the sections in 0.125% diaminobenzidine hydrochloride, 0.03% hydrogen peroxide and 0,015% nickel chloride in phosphate buffer for 15 min. Sections were subseqaently rinsed in water, then in phosphate buffer, mounted on gelatin.coated slides, dried, dehydrated and coverslipped with Permount.
A series of sections adjacent to those processed for immunocytochemistry was mounted and stained with Cresyl violet to aid in the identification of neuronal groups.
lmmunocytoehemieal staining was completely blocked in a series of sections processed for immunocytochemistry following incubation of the primary antiserum with 10 -8 M of substance P peptide (Sigma). This antiserum crossreacts somewhat with neurokinin A, a related neuropeptide found in mammalian CNS "~'. However as substance P is found in all neurons that contain neurokinin A tl''~¢' this crossreactivity did not present a problem in the current study.
Data anaipsis
All slides were examined under brightfield illumination. Substance P-immunoreactive (SPIR) neurons were identified by the presence of black-brown reaction product filling the somata and dendritic processes. To determine the location of SPIR neurons within the subdivisions of the medial nucleus of the amygdala, the bed nucleus of the stria terminalis and the medial preoptic area, immunohbelled sections were projected onto tracings of cell groupings made from adjacent sections stained with Cresyl violet. All SPIR neurons were counted throughout each of the 3 nuclei in every section of the series for every brain, in the few brains in which a section was missing, the average number of neurons contained in the available sections was added to the total. Initial inspection of the data revealed heterogeneity of variance among experimental groups. Therefore, differences between the number of SPIR neurons within the medial preoptic area, the bed nucleus of the stria terminalis and the medial nucleus of the amygdala were determined using a one way analysis of variance of the square root of the total number of substance P neurons in each brain region. Post hoc significance was determined with Fisher's protected least significant differences test 16.
RESULTS
Bed nucleus of the stria terminalis
Substance P nearons were distributed throughout the postcommissural part of the bed nucleus of the stria terminalis in gonadally intact male hamsters (Figs. I B-F, 2). The majority of these neurons (95%) were located in the posteromedial (BNSTpm) subdivision of this nucleus with only an occasional SPIR neuron occurring in the posterointermediate (BNSTpi) subdivision as well. These subdivisions correspond to those described in the rat 3°. The average number of substance P neurons in intact hamsters was 540. 4 processes per cell was difficult to discern due to the heavy concentration of immunoreactive fibers in this area. Castration reduced the total number of immunoreactive cells in the bed nucleus of the stria terminals to 13-50% of the number observed in intact animals (Fig.  3) . The BNSTpm of castrated animals contained an average of 153.3 :t: 38.8 neurons, significantly fewer than the average of intact animals (P<0.001). This decrease in the number of SPIR cells occurred throughout the BNSTpm but was particularly striking in the dorsal part of the nucleus, just below the lateral ventricle, where substance P staining is the heaviest in intact animals ( Figure 1B-D, 2A, B) . Castration also appeared to reduce the intensity of staining as well. trated hamsters, in sharp contrast to the dark, black reaction product observed in the SPIR neurons of the intact males. Testosterone treatment reversed the effect of castration on the BNSTpm (Fig. 2C ). Castrates treated with testosterone had an average of 867.6 +__ 158.1 neurons in the BNSTpm, significantly greater than that in castrates (P < 0.001, Fig. 3) . Further, 4 of the 5 castrates treated with testosterone had more SPIR neurons in the BNSTpm than were found in intact controls, but on average this difference was not statistically significant. The majority of the labelled neurons in these animals contained dark, black immunoreaction product comparable in intensity to that found in intact hamsters, suggesting that the amount of immunoreactivity per neuron was also restored with testosterone treatment. The testosterone-treated hamsters also contained a large number of SPIR cells in the posterointermediate part of the bed nucleus of the stria terminalis.
'" "--e6
The medial preoptic area Intact hamsters had an average of 749.6 + 83.6 SPIR neurons in the medial preoptic area (MPOA; Fig. 3 ). These cells were not confined to any nuclear subdivision of the MPOA, but instead were distributed in a band of cells that extended from the ventral part of the rostral medial preoptic area in the lateral part of the medial preoPtic nucleus (MPN) beneath the body of the anterior commissure (Fig. 1A) , dorsolaterally to an area ventral to the posterointermediate part of the BNST (Fig. IB-D) . Few SPIR neurons were found in the MPOA rostral to the body of the anterior commissure. SPIR neurons in the MPOA could be assigned to 1 of 2 groups by location, morphology and intensity of immunoreactivity. One group consisted of large, multipolar, darkly staining neurons located (1)just lateral to the MPN and just ventral to the posterointermediate BNST and (2) group, most of which were in the MPN, were smaller in size and lightly stained. Throughout the MPOA these smaller neurons were located ventromedial to the large darkly stained, SPIR neurons. Castration significantly reduced the number of SPI R neurons in the medial preoptic area (P < 0.02; Fig.  4B ). Castrates had an average of 420.5 _+ 91.6 labelled neurons in the MPOA (Fig. 3) . This reduction was uniform throughout the MPOA, without regard to location or cell type. The cell types showed a similar distribution as that seen in intact animals, i.e., the larger muitipolar cells in the dorsolateral group stained darkly and the ventromedial group of smaller cells stained lightly.
Again, testosterone treatment reversed the effect of castration. The mean number of SPIR neurons in the MPOA of testosterone-treated castrates was 942 _+ 70.7, significantly greater than the number of SPIR neurons in untreated castrates (P < 0.001) (Figs. 3, 4C ), but not significantly greater than that observed in intact hamsters.
The medial nucleus of the amygdala
SPIR neurons were found throughout the medial nucleus of the amygdala. Fig. 5 illustrates the distribution of these cells in the midrostral to caudal levels of this nucleus. The highest density of these neurons occurred in the posterodorsai subdivision of the nucleus ~' s ( Fig. 5C -Eh In this region, substance P neurons and fibers formed a dense plexus. Neurons in these areas were small to medium in size with 2-3 processes. As in the BNST, the density of the fiber labelling prevented accurate determination of the number of processes per cell. The majority of SPIR cells in the intact animals contained dark, black reaction product, which filled the perikarya, dendrites and axons (Fig. 6A) . The rostral part of the medial nucleus of the amygdala (not shown in Fig. 5 ) did not consistently contain a high concentration of SPIR neurons; in some animals, many labelled neurons were distributed throughout the medial and anterior cortical nucleus of the amygdala, while in other animals only a few cells were found in the more rostral parts of these nuclei. SPIR cells were consistently observed in the caudal third of the medial nucleus. Therefore, quantitative analysis was restricted to this region which contained an average of 251 :t: 86.7 SPIR neurons in intact males.
The average number of SPIR neurons in this nucleus in castrates was 102 + 37.2, which did not differ from that in intact hamsters (Fig. 3) . However, the immunoprecipitate in these neurons appeared light gray to brown in contrast to the dark brown to black of the SPIR neurons in the medial nucleus of intact hamsters, suggesting that the quantity of antigen was less in these cells than in those of intact animals (Fig.  6B) . Testosterone-treated castrates had a greater number of SPIR neurons in the posterodorsal medial nucleus (710 + 181.7) than castrates (P < 0.001) or intact hamsters (P < 0.05; Fig. 3 ). These neurons and their processes contained dark, black reaction product (Fig. 6C) .
Suprachiasmatic nucleus
SPIR cells were located in the lateral edge of the caudal third of the suprachiasmatic nucleus in ham- sters in each of the groups (Fig. 7) . Castration had no effect on the number of immunoreactive cells in this area. The average number of immunoreactive neurons were: intact, 49 _+ 9.37; castrated, 50 _+ 9.11; testosterone-treated castrates, 28.8 _+ 11.55. (Fig. 3) .
DISCUSSION
The results of the present study suggest that castration induces a significant decrease in the number of SPIR neurons in the medial part of the bed nucleus of the stria terminalis and the medial preoptic area in the male golden hamster. Long term castrates treated with testosterone contained the same number of SPIR neurons as gonadally intact males suggesting that the decrease in immunoreactivity following castration is restored by testosterone treatment. The manipulation of gonadal steroids had different effects on SPIR in the medial nucleus of the amygdala. In this area, castration alone did not significantly affect the number of SPIR neurons, yet, treatment with testosterone increased their number significantly indicating that testosterone regulates SPIR in the medial nucleus of the amygdala as well. Our results are supported by those of Kream et al. -'~, who found that testosterone regulates substance P content of the hypothalamus of the Syrian hamster. The results of the present study extend these findings by localizing the change in substance P content to cell bodies within the bed nucleus of the stria terminalis and the medial preoptic area. Testosterone may also regulate substance P content in the fibers in these areas. Reduction in SPIR fiber content of the medial nucleus of the amygdala ta and bed nucleus of the stria terminalis :~' has been obseived in castrated rats. Whether or not testosterone also regulated the sub. stance P content of fibers in the bed nucleus of the stria terminalis, the medial preoptic area and the medial nucleus of the amygdala of the hamster could not be assessed in the present study due to the use of eolchicine. These studies should be pursued. Substance P-containing neurons in the medial nucleus of the amygdala and the bed nucleus of the stria terminalis have been shown to project to the medial preoptic area in the hamster 33 and the rat 42. As substance P appears to serve as a neuromodulator in these areas a decrease in fiber content would indicate a decrease in substance P at the presynaptie terminal and may indicate more precisely the effect of steroids on synaptic transmission in these areas.
These results contrast with those of previous reports that failed to find changes in substance P content in male rats in these areas following castration or testosterone treatment ~''42. The discrepancy may be due to 25 differences in the length of time the animals were without testosterone prior to sacrifice. Both studies in rats examined SPIR 2 or 3 weeks after castration compared to 13 weeks in the present study. In our preliminary studies in hamsters significant decreases in substance P levels were not apparent until 8-12 weeks after castration, suggesting that significant differences in SPIR might have been observed in rat tissue if the animals had survived for longer intervals after castration and/or steroid treatment. An alternative interpretation is that testosterone exerts different effects on substance P !evels in these two rodent species. However, this explanation seems less likely, based on observations that castration and testosterone treatment alter substance P fiber content in the medial nucleus of the amygdala ~3 and bed nucleus of the stria terminalis -'~' in male rats.
Other gonadal steroids may play a role in the regulation of substance P immunoreactivity. Testosterone is metabolized into estrogen and dihydrotestosterone (DHT) within the medial nucleus of the amygdala, the bed nucleus of the stria terminalis and the medial preoptic area ~' 2~ in the hamster suggesting that the effect of testosterone on SPIR may be mediated by these estrogenic and androgenic metabolites. The role of estrogen in the regulation of substance P in these areas has not been examined in male rodents. There is evidence that estrogen plays a role in substance P production in female rats. Treatment with estradiol increases the levels of mRNA for the substance P precursor in the hypothalamus of t'emale rats f'. and the nl|nlber of SPIR nelirons 4~ alld levels ol" SPIR 17'3-' in the hypothalamus of female rats is highest on the day of estrus, when estrogen levels are high. Moreover, treatment with estrogen has been shown to lower the substance P content in the pituitary of both male and female prepubertal rats ~. The role of non-aromalizable androgens in the regulation of substance P levels in the CNS has not been examined. Treatment with DHT increases substance P content in the pituitary of both male and female prepubertal rats, suggesting that non-aromatizable androgens may also stimulate substance P production~CJ. The results of the present investigation in conjunction with these earlier studies indicate future experiments are necessary to evaluate the role of androgens and estrogens in the regulation of neuronal levels of substance P in the medial nucleus of the amygdala, the bed nucleus of the stria terminalis and the medial preoptic area.
Although the role of substance P in hamsters is unknown evidence obtained from studies on rats indicates that it may play a neurotransmitter role in these nuclei. High concentrations of substance p5.7 an,, :~ub-stance P receptors 4" have been identified in each of these areas. Substance P has been shown to stimulate the firing rates of neurons in both the medial preoptic area TM and amygdala-". In addition, substance P has been shown to facilitate mating behavior when injected i:tto the MPOA of male rats t4. The medial nucleus of the amygdala, the bed nucleus el" the stria terminalis and the medial preoptic area each play critical roles in the regulation of mating behavior in the Syrian hamster -'a'3~'. Thus, the present results support the hypothesis that steroidal regulation of substance P is a mechanism underlying steroidal regulation of mating behavior.
In the hamster, unlike the rat, the bed nucleus of the stria terminalis and the medial nucleus of the amygdala play critical but different roles in the regulation of male mating behavior z'' 3~' . Anogenital investigation of the female is an important component of male rodent sexual behavior. This behavior is especially important in hamsters. In this species, pheromones secreted by the female can induce copulatory behavior from a male when placed on the body of an anesthetized test male "*' a' 44. Lesions of the medial nucleus of the amygdala eliminate copulation and decrease anogenital investigation :'a. The medial nucleus of the amygdala, in turn, projects to both the bed nucleus of the stria terminalis and medial preoptic area. Bilateral lesions of the medial preoptic area disrupt copulation without affecting precopulatory investigation in male hamsters. Appropriately placed lesions of the bed nucleus of the stria tcrmin,'tlis decrease anogenital investigatory behavior without affecting copulation. These areas are densely innervated by substance P fibers and studies in the rat indicate that they contain substance P receptors 4" although this has not been investigated in the hamster. Thus, the hypothesis that substance P facilitates mating through actions on these sites awaits further experimental assessment in the hamster.
In contrast to its effects on gonadally intact rats, substance P fails to restore mating behavior when injected into the medial preoptic area of castrated rats t4. However, these results do not rule out the possibility that substance P mediates steroid-induced changes in mating behavior. Testosterone influences a wide variety of neuropeptides, neurotransmitters and receptors that may work together to regulate mating behavior. For example, substance P is colocalized with neurokinin Att and dynorphin -~ within the neurons of the medial nucleus of the amygdala, the bed nucleus of the stria terminalis and the medial preoptic area in the hamster. Both substance pi4 and dyaorphin 2 have been shown to influence mating behavior in the intact rat. Castration decreases the levels of all 3 peptides (Swann, unpublished results). Restoration of mating behavior in castrates could, therefore, require simultaneous administration of substance P, neurokinin A and dynorphin. Thus, substance P may play an important role in steroidal regulation of mating behavior that cannot be properly assessed without further information on the anatomical and functional relationships among substance P and other neuroactive substances. In addition, castration could reduce the concentration of substance P receptors and therefore the responsiveness of the tissue to injected peptide.
The mechanism by which steroids influence substance P levels in the neurons of the limbic system has not been completely determined. Both estrogen receptor and cyclic AMP binding regions are located within the promoter region of the gene that encodes substance P'~. Neurons in the medial nucleus of the amygdala, the bed nucleus of the stria terminalis and the medial preoptic area contain androgen and estrogen receptors 4~. Some of the estrogen concentrating cells also contain substance P, suggesting that gonadal steroids may directly influence the peptide production in some of these neurons ~. Alternatively, steroids could manipulate the synthesis and or release of other neurotransmitters or neuromodulators that could regulate substance P levels via post-synaptic second messenger systems.
in summary, our results suggest that substance P may mediate the effect of gonadal steroids on mating behavior via actions on the medial nucleus of the amygdala, the bed nucleus of the stria terminalis and the medial preoptic area. The precise role of substance P in the regulation of the function of these nuclei and copulatory behavior in the Syrian hamster awaits further study.
